The effect of copper (Cu) addition on the active corrosion behavior of hyper duplex stainless steels in sulfuric acid was investigated. The addition of Cu in the base alloy enhanced the resistance to general corrosion by decreasing the critical and corrosion current densities, and increasing the polarization resistance. There are two primary reasons for the considerable enhancement of the corrosion resistance of the experimental alloys containing Cu. First, the protective surface film was enriched with the noble metallic copper (Cu) due to the selective dissolution of the active metallic Cr, Fe, and Ni, and the electrochemical dissolution of the corrosion products such as iron-sulfide (FeS 2 ), iron sulfate (FeSO 4 ), ferrous oxide (FeO) 
Introduction
Duplex stainless steels (DSSs) with nearly equal fractions of ferrite (¡) and austenite (£) phases are being increasingly used for various applications such as fuel gas desulphurization (FGD) facilities in fossil power plants, desalination facilities, off-shore petroleum facilities, and chemical plants due to their high resistance to stress corrosion cracking, pitting corrosion, crevice corrosion, good weldability, excellent mechanical properties and relatively low cost due to the addition of low Ni, as compared with austenite stainless steels. 13) In general, super duplex stainless steels (SDSSs), such as UNS S32750, UNS S32760 and UNS S32550, are defined as DSSs with a pitting resistance equivalent (PRE = mass% Cr + (3.3 mass% Mo + 0.5 mass% W) + 16 mass% N) 4, 5) of 40 to 45. Hyper duplex stainless steels (HDSSs) such as UNS S32707 are defined as highly alloyed DSSs with a PRE in excess of 45. 4) It is well known that the addition of copper (Cu) to ferritic, austenitic or duplex stainless steels improves the resistance to general corrosion in sulfuric acid.
610) It has been reported in previous studies that the mechanism of the beneficial effect of the Cu addition on the steels is based on the suppression of the anodic dissolution by the noble metallic Cu enriched in the surface film of austenitic stainless steels in sulfuric acid. 11, 12) Furthermore, it has been also reported that the enhancement mechanism of the corrosion resistance by Cu addition is explained by protective, insoluble salt films such as cuprous chloride (CuCl) or cupric chloride (CuCl 2 ) formed on the surface of stainless steels in chloride (Cl ¹ ) environments. 13) However, because it is difficult to locate studies that have quantitatively elucidated which elements of the HDSS, with high concentrations of not only Cu but also N, Mo, W, Cr and Ni, have contributed to the corrosion resistance by being a specific chemical species on the surface film in an elevated temperature, concentrated H 2 SO 4 environments, further in-depth research analysis of surface film is required. Moreover, it is necessary to quantitatively verify the effects of the Cu addition on the difference of the resistance to general corrosion between the £-phase and ¡-phase using a formula for the sulfuric-acid resistance equivalent (SRE = mass% Cr + 1.5 mass% Ni + 0.5 mass% Cu + 2 mass% Mo + 2 mass% W + 20 mass% N), 14) and to clarify its related stage of corrosion initiation and propagation.
Thus, in this work, the effect of Cu addition on the active corrosion behavior of hyper duplex stainless steels (HDSSs) in highly concentrated sulfuric acid was investigated using immersion tests, electrochemical measurements, a scanning Auger multi-probes (SAM) analysis and an X-ray photoelectron spectroscopy (XPS) analysis of surface film.
Experimental Procedures

Calculation of phase diagram and equilibrium
fractions of each phase The effects of the Cu addition on the phase diagram and equilibrium fractions of each phase were calculated against the temperature for the HDSS alloy using a commercial Thermo-Calc software package.
Material and heat treatment
The experimental alloys were manufactured using a high frequency vacuum induction furnace and then hot rolled into plates of 6 mm thickness. The experimental alloys were cut and solution heat-treated for 5 min per 1 mm of thickness at 1363 K and then quenched in water. The chemical composition of the experimental alloys is shown in Table 1 .
Microstructure characterization
In order to observe the optical microstructures of the ¡-
Corrosion tests
In order to analyze the effect of the Cu addition on the resistance to general corrosion of the experimental alloys, both electrochemical measurements and immersion test were made. Measurements of potentiodynamic anodic polarization curves were performed in a deaerated 6.34 N H 2 SO 4 solution at 353 K according to the ASTM G 5.
16) These electrochemical characteristics: the critical current density (I c ), corrosion current density (I corr ), and polarization resistance (R p ) were measured from the potentiodynamic anodic polarization curves. The test was performed at a potential range of ¹0.4 V SCE to +1.1 V SCE at a scanning rate of 1 mV/min using a saturated calomel electrode (SCE) as a reference electrode. A potentiostatic polarization test were performed to measure current transients in a deaerated 6.34 N H 2 SO 4 solution at 353 K with an applied potential of ¹0.2 V SCE in the active region of the potentiodynamic anodic polarization curves. The current transients were recorded for 3600 s. The SEM was used to observe the corrosion sites on the specimen after the potentiostatic test. After immersion of the same specimens at 20 K intervals from 313 to 353 K for 6 h in 18.4 N H 2 SO 4 solutions, the weight loss was measured in order to obtain the corrosion rates of the experimental alloys from the following formula (1) for comparison with the polarization resistance:
where ¦W is the weight loss (mg), A is the surface area (in 2 ), µ is the density (g/cm 2 ), and H is the immersion time (h).
Surface analysis
The specimens used for a surface analysis were polished with SiC paper to 2000 grit, then polished with a 1 µm diamond paste, and washed with acetone (CH 3 COCH 3 ). The chemical compositions of each phase were analyzed using a SAM after the potentiostatic polarization test. The Ar sputtering rate was approximately 5 nm/min.
The chemical species in the outermost surface film formed on the alloy were analyzed using an XPS after the potentiostatic polarization test. The energy source was an Al-K¡ (1486.6 eV) X-ray, and the acquired spectra were calibrated with a binding energy of C 1 s (284.5 eV).
Results and Discussion
3.1 Calculation of the phase diagram and equilibrium fractions of each phase Figure 1 shows the effects of the Cu addition on the phase diagram and equilibrium fractions of each phase for the HDSSs calculated using the Thermo-Calc software package.
The sectional view at the 27 mass% Cr illustrates that the alloys solidify primarily as an ¡-phase and some of the this ¡-phase, transforms of £-phase with a decrease in the temperature (Figs. 1(a) and 1(c) ), irrespective of the Cu addition in the alloy. As the temperature decreases further, the ¡-phase decomposes into a sigma phase (·) and a secondary austenite (£ 2 ) according to the eutectoid reaction.
It is well known that Cu as a substitution element stabilizes the £-phase and provides a solid solution strengthening. 17) As the temperature of the solution heat-treatment decreases in the region with the dual £/¡-phases, the volume fraction of the ¡-phase decreases and that of the £-phase increases. It is predicted that the optimum temperature of the solution heattreatment to obtain the desired microstructure of approximately 50 vol% £-phase and 50 vol% ¡-phase is approximately 1353 to 1363 K (Figs. 1(b) and 1(d)).
Effects of copper addition and solution temperature
on corrosion rate through immersion test After the base, 1.5 Cu, and 3 Cu experimental alloys were immersed in a 18.4 N H 2 SO 4 solution at 313, 333 and 353 K for 6 h, the corrosion rate was measured (Fig. 2) . As the addition of copper to the base alloy increased, the corrosion rate decreased. Hence, it is concluded that the Cu addition has a positive effect on the resistance to general corrosion of HDSS. Figure 3 shows the optical microstructure of the experimental alloys observed after 10 min and 6 h immersion in 18.4 N H 2 SO 4 at 353 K. After the immersion test for 10 min, the base alloy without Cu addition exhibited severe general corrosion in the ¡-phases and £-phases. However, the alloy containing 1.5 mass% Cu exhibited severe general corrosion in all ¡-phases whereas the alloy containing 3 mass% Cu exhibited general corrosion in partial ¡-phases. In particular, as the immersion time was increased from 10 min to 6 h, the general corrosions of the Cu added alloys were propagated from the ¡-phases to the £-phases.
In order to clarify the difference in the resistance to general corrosion between the ¡-phases and £-phases, the content of the alloying elements in the ¡-phases and £-phases annealed at 1363 K was quantitatively measured using a SEMEDS and the N content was measured using a SAM. Then, the sulfuric-acid resistance equivalent (SRE) values of the ¡-phase and £-phase were calculated. Table 2 shows the effects of the Cu addition on the SRE values of the ¡-phase and £-phase in the experimental alloys. As the Cu content to the BASE alloy increased, the SRE values of the £-phases increased. On the other hand, although the SRE values of the ¡-phases increased slightly, the Cu content in the ¡-phases increased with an increase in the added Cu, thereby enhancing the resistance to general corrosion of the ¡-phases in the HDSS. Furthermore, as verified in previous studies, nitrogen (N) has the most powerful influence on the balance of corrosion resistance between the ¡-phase and £-phase, compared with Cr, Mo and W, because N, which is a £ stabilizer, is nearly completely solutionized in the £-phase whereas it is rarely solutionized in the ¡-phase in HDSSs.
1820)
The nitrogen solubility in the ¡-phase in HDSSs has a maximum value of 0.05 mass% whereas that in the £-phase has a value of 0.5 to 0.57 mass% (Table 2) . Hence, based on the calculated SRE £ and SRE ¡ values, it is reasonable to explain that general corrosion must occur selectively in the ¡-phases in a highly concentrated H 2 SO 4 environment because the SRE value of the £-phase is larger than that of the ¡-phase, irrespective of the Cu addition to the alloys (Fig. 3 ).
Effects of Cu addition on potentiodynamic and
potentiostatic polarization behaviors The potentiodynamic anodic polarization curves in the deaerated 6.34 N H 2 SO 4 at 353 K are presented in Fig. 4 . Table 3 shows the effects of the copper addition on the critical current density (I c ), corrosion current density (I corr ), and polarization resistance (R P ) obtained from Fig. 4 . As the addition of copper to the base alloy increased, I c and I corr decreased whereas R P increased. This indicates that the general corrosion resistance of the Cu added alloys is superior to that of the base alloy due to lower I c , lower I corr and higher R P values. Figure 5 shows the effect of the Cu content on the change of anodic current density with time at an applied potential of ¹0.2 V SCE in the active region of the potentiodynamic polarization curves of Fig. 4 in the deaerated 6.34 N H 2 SO 4 at 353 K. The test was performed in order to observe the current transients at a primary passivation potential (E pp ) that correspond to the critical current density at the potentiodynamic anodic polrarization curves. As the addition of copper to the base alloy increased, the critical current density decreased.
In summary, based on these electrochemical parameters (I c , I corr and R P ) and corrosion rate measured from the immersion test, it was elucidated that Cu considerably enhanced the resistance to general corrosion at an active region in a highly concentrated sulfuric acid environment.
3.4 Effects of Cu in alloy and pure metallic Cu and on the active corrosion behavior Figure 6 shows the corrosion rate of the pure metals and experimental alloys measured after the immersion test (IT) and potentiodynamic anodic polarization test (PAPT) in the Potential, E / mV vs SCE Fig. 4 Effect of copper addition on potentiodynamic polarization behavior in the deaerated 6.34 N H 2 SO 4 at 353 K. Table 3 Effects of Cu addition on the critical current density (I c ), corrosion current density (I corr ), and polarization resistance (R P ) measured from the potentiodynamic polarization curves of Fig. 4 . 6.34 N H 2 SO 4 solution at 353 K. The corrosion rate (mpy) after the IT was measured using the formula (1) and that (µA/cm 2 ) after the PAPT was measured using a cathodic Tafel extrapolation method. The corrosion rates of the pure metallic Cu were very low (8.2 mpy or 17.4 µA/cm 2 ) compared with that of the pure metallic Cr (3152 mpy or 9513 µA/cm 2 ), pure metallic Fe (1650 mpy or 2135 µA/ cm 2 ), and pure metallic Ni (1021 mpy or 1055 µA/cm 2 ). According to the results of the potentiodynamic anodic polarization test given in Fig. 6 , the pure metals showed various corrosion current density in this order: Cr > Fe > Ni > base alloy > 1.5 Cu alloy > 3 Cu alloy > Cu µ Mo µ W. Figure 7 shows the potentiodynamic polarization behavior of the pure metals and the alloy-3 Cu in deaerated 6.34 N H 2 SO 4 at 353 K. The figure indicates that the anodic current densities of the pure metallic Cu, Mo and W were much lower than those of the pure metallic Cr, Fe and Ni whereas the corrosion potentials of the pure metallic Cu, Mo and W were much higher than those of the pure metallic Cr, Fe and Ni. They also showed their corrosion potentials in the following order: Cr < Fe < Ni < Mo < 3 Cu alloy < Cu < W.
Accordingly, the corrosion current density decreasing and the corrosion potential increasing when Cu was added to the alloy can be attributed to the noble property of Cu. Figure 8 shows the Auger depth profile of the surface film formed on the £-phases and ¡-phases in the alloy-3 Cu after the potentiostatic polarization test at an applied potential of ¹0.2 V SCE in the deaerated 6.34 N H 2 SO 4 solution at 353 K. Figure 9 shows the distribution of the alloying elements of the surface film formed on in the austenite phase and the ferrite phase in the alloy-3 Cu obtained from the Auger depth profile presented in Fig. 8 £-phases decreased significantly, that of the Cu, Mo and N in the outmost surface film increased significantly compared with that of the substrate. This indicates that the novel metals such as Cu, N and Mo can be enriched on the alloy surface due to the selective dissolution of the active metals such as Fe, Cr, and Ni in the alloy. However, there was no significant difference in the W concentrations in the ¡-phase and £-phase compared with the substrate. Consequently, Cr, Fe and Ni cannot contribute to the corrosion resistance in highly concentrated sulfuric acid environments due to their corrosion potential being lower than the other alloying elements. However, Cu, N and Mo can contribute to the corrosion resistance. In particular, the Cu on the outermost surface film of the £-phase was enriched by approximately 26 at%, which is much larger than that of the substrate and that of the ¡-phase was enriched by approximately 7 at%, which is also larger than that of the substrate.
Mechanism of Cu addition for enhancement of corrosion resistance by Cu addition
After the potentiostatic polarization test of the alloy-3 Cu at an applied potential of ¹0.2 V SCE in the deaerated 6.34 N H 2 SO 4 solution at 353 K, the chemical species in the outermost surface film were analyzed using XPS; the results are presented in Fig. 10 . The binding energy of each chemical element used for the XPS analysis is given in Table 4 26) which increases the pH in the ion state, were increased. Therefore, it is believed that these chemical species also assist in improving the corrosion resistance.
Conclusions
In this work, the effect of Cu addition on the active corrosion behavior in hyper duplex stainless steels (HDSSs) in highly concentrated sulfuric acid environments was investigated using an immersion test, a potentiodynamic polarization test, a potentiostaic polarization test, a scanning Auger multi-probes (SAM) analysis and an X-ray photoelectron spectroscopy (XPS) analysis of the surface film formed on the steels. From the results of these tests, the following conclusions have been drawn.
(1) The addition of Cu in the base alloy greatly enhanced the general corrosion resistance by decreasing the critical current density (I c ) and corrosion current density (I corr ), and increasing the polarization resistance (R p ) This effect is a result of the noble metal Cu. In addition, the corrosion rates of the elements composing the alloys were similar to those of pure metals. (2) Based upon the SRE £ and SRE ¡ values, the general corrosion of the solution heat-treated HDSSs was selectively initiated in the ¡-phases because the SRE value of the £-phase is larger than that of the ¡-phase, irrespective of the Cu addition to the HDSSs. The general corrosion was finally propagated from the ¡-phase to the £-phase. ) as corrosion inhibitors in an ion state, and ammonium (NH 4 + ) elevating the pH in an ion state were increased and assisted in improving the corrosion resistance.
